Liposomal gene transfer is an effective therapeutic approach to improve dermal and epidermal regeneration. The purpose of the present study was to define whether the biological or chemical structure of a liposome influences cellular and biological regeneration in the skin, and to determine by which mechanisms possible changes occur. Rats were inflicted a full-excision acute wound and divided into three groups to receive weekly subcutaneous injections of DMRIE liposomes plus the Lac Z gene, or DOTAP/Chol liposomes plus the Lac Z gene, or saline. Planimetry, immunological assays, histological and immunohistochemical techniques were used to determine cellular responses after gene transfer, protein expression, dermal and epidermal regeneration. DOTAP/ Chol increased IGF-I and KGF protein concentration and caused concomitant cellular responses, for example, by increasing IGFBP-3, Po0.05. DOTAP/Chol liposomes improved epidermal regeneration by exhibiting the most rapid area and linear wound re-epithelization compared to DMRIE or control, Po0.001. DOTAP/Chol and DMRIE exerted promitogenic and antiapoptotic effects on basal keratinocytes, Po0.05. Dermal regeneration was improved in DOTAP/Chol-treated animals by an increased collagen deposition and morphology, Po0.001. DOTAP/Chol liposomes increased vascular endothelial growth factor concentrations and thus neovascularization when compared with DMRIE and saline, Po0.001. In the present study, we showed that different liposomes have different effects on intracellular and biological responses based on its chemical and molecular structure. For gene transfer in acute wounds, the administration of DOTAP/Chol liposomes appears to be beneficial.
Introduction
Gene therapy is the transfer of genetic material to achieve the therapeutic effect of tissue repair and regeneration. 1 The focus of gene therapy is to place therapeutic agents at the injury site at safe levels, to avoid toxicity, but to have the therapeutic effect. 1 While several different approaches have been used to transfer genes into cells and tissues, liposomal gene transfer represents a safe and efficacious method for gene transfer. 2 The broad application of liposomal gene transfer was limited by low transfection and expression rates. 3 However, in acute wounds, liposomal gene transfer was shown to be effective, and high transfection and expression rates could be achieved. [4] [5] [6] [7] Wound healing is a dynamic interactive and complex process involving soluble mediators, blood cells, extracellular matrix and parenchymal cells. 8 Different cell types synthesize and release different mediators that modulate and stimulate the cascade of wound healing. These mediators encompass multiple chemokines and growth factors. Particularly, growth factors have been suggested to influence and modulate epidermal and dermal regeneration. 8, 9 We have recently shown that liposomal cDNA gene transfer of growth factors is a possible approach to improve dermal and epidermal regeneration. 5, 6, 10 Hence, liposomes appear to be an effective vector for gene transfer in the skin.
As a vector for gene therapy, liposomes have become attractive due to their nonviral composition, stability and ability to interact with the cell membrane. 2 Cationic liposomes form complexes with the DNA through charge interactions and protect the DNA from degradation. DNA-liposome complexes bind to the negatively charged cell surface due to the presence of excess positive charges in the complex. The nature of nonspecific interactions results in efficient transfection of many cell types. The flexibility in the design of cationic lipid structures and the variety of methods used in the liposomal preparation broaden their scope for the therapeutic use. 11, 12 Liposomes can be applied by either topical administration or by direct injection of liposomal gene constructs. 4, 6, 13 Topical admin-istration of liposomal complexes, however, is not as effective in regards to cell transfection and level of expression as injection. 3, 14 This is due to the stratum corneum, which is the protective layer of the epidermis. Injecting the liposomal gene complexes results in a transfection of epidermal cells, predominantly keratinocytes, and with low levels of expression in dermal cells. 15, 16 Over the past decade, many modifications of the composition and characteristics of liposomal constructs have been made. Great varieties of liposomes are commercially available and can be used for in vivo experiments. In recent studies, we determined biological and genetic mechanisms after liposomal gene cDNA transfer. For our studies that investigated the mechanisms and possibilities of gene transfer on wound regeneration, we used 1,2-dimyristyloxypropyl-3-dimethyl-hydroxyl ethyl ammonium bromide (DMRIE) combined with cholesterol. 6, 13, 17, 18 Among many newly constructed liposomes, one liposome was designed with a high affinity for endothelial cells, dioleoyltrimethylamino propane (DOTAP) liposome (DOTAP/cholesterol or DOTAP/Chol). This liposome was shown to achieve effective levels of transgene expression in highly vascularized tissues, such as tumors or the lung. 19, 20 As neovascularization and activated endothelial cells are crucial for wound repair, DOTAP/Chol appears suitable for gene transfer in the state of an acute wound. One aim of the present study was to define whether DOTAP/Chol is a liposome that can be used for gene transfer in an acute wound. Another aim of the present study was to define whether the structure of a liposomal construct can affect cellular and biological regeneration in the skin and to determine by which mechanisms the changes occur.
Results

Re-epithelization
Re-epithelization, determined by planimetry, was significantly increased in rats receiving the DOTAP/Chol liposomal complexes when compared with rats receiving the DMRIE liposomes 13 and 17 days after wounding, and when compared with rats receiving saline at 6, 13 and 17 days after wounding, Po0.05 (Figure 1a ). The group with the DOTAP/Chol liposome demonstrated a 200% accelerated re-epithelization when compared to saline, Po0.001. The DMRIE liposomes significantly increased re-epithelization at 13 and 17 days after wounding when compared to saline, Po0.05 (Figure 1a) .
Wound size decreased the most in the DOTAP/Chol group at 6, 13 and 17 days after wounding. Wound size was significantly decreased in the DOTAP/Chol group when compared with the saline group, Po0.05 ( Figure  1b ). There was no significant difference between DO-TAP/Chol and DMRIE.
Epithelial cell layers
No differences in epithelial cell layers could be found between the DOTAP/Chol (1572), DMRIE (1571) treatment and the saline group (1371 layers), indicating no differences in the process of cell differentiation.
Skin cell proliferation and apoptosis DOTAP/Chol or DMRIE liposomes did not have an effect on skin cell apoptosis compared to controls ( Figure   2 ). DOTAP/Chol liposomes significantly increased skin cell proliferation compared to saline rats, Po0.05 ( Figure  2 ). There was no significant difference between DOTAP/ Chol versus DMRIE, and DMRIE versus saline for skin cell proliferation. Animals receiving the DOTAP/Chol liposome had a significant improved net balance of epithelial cells, calculated as proliferation divided by apoptosis, when compared with saline, Po0.05 (Figure 2 ). There was no significant difference between DOTAP/Chol and DMRIE.
Collagen morphology, deposition and neoangiogenesis DOTAP/Chol liposomes improved the quality and quantity of deposited collagen (Table 1 ). In rats receiving DOTAP/Chol, collagen formation was significantly higher than the collagen formation in rats receiving saline. Furthermore, the staining intensity of collagen deposition was significantly higher in rats treated with DOTAP/Chol when compared to rats treated with Figure 1 Re-epithelization after inflicting an acute wound. (a) Area re-epithelization 6, 13 and 17 days after full-thickness wounding. Rats receiving the DOTAP/Chol liposome exhibited the most rapid reepithelization, when compared with DMRIE and saline. Re-epithelization was increased in rats receiving DMRIE compared to saline. *Significant difference between DOTAP/Chol versus saline Po0.05. (Table  1 ). There were significantly more blood vessels in the DMRIE group compared to saline, Po0.05 (Table 1) .
Protein concentration (IGF-I, IGFBP-3, KGF, VEGF, PDGF)
PDGF skin protein concentration was significantly increased in rats receiving the DOTAP/Chol or the DMRIE liposomes when compared to saline, Po0.05 ( Figure 3 ). IGF-I protein concentration in the skin determined by immunohistochemistry showed that animals receiving the DOTAP/Chol liposomes had significantly increased IGF-I protein concentrations when compared with saline controls, Po0.05 ( Figure  3 ). There was no significant difference between DMRIE and DOTAP/Chol for IGF-I. IGFBP-3 protein concentration was significantly increased in rats receiving the DOTAP/Chol liposome when compared to saline control rats, Po0.05 ( Figure 3 ). There was no significant difference between DMRIE and DOTAP/Chol for IGFBP-3. VEGF expression was increased in the DO-TAP/Chol liposome group compared to saline controls, while there was no difference between DMRIE and DOTAP/Chol ( Figure 3 
Discussion
Tissue repair and regeneration are the normal biological responses of many different tissues in the body to injury. 1 During the healing process, profound changes occur intra-and extracellularly. Wound healing, being an example for tissue repair, is critical for morbidity and mortality in acute and chronic wounds. In the United States alone, over two million people suffer from burns and approximately seven million suffer from chronic wounds caused by diabetes, pressure ulcers, venous and arterial diseases. 21 Many novel drugs and devices are being developed to modulate the rate of epidermal and dermal regeneration with the primary goals: rapid wound closure with functional and aesthetically good skin, one of which being chemokines and growth factors. Immunohistochemical staining for skin cell proliferation, apoptosis and cell survival. There was no significant difference in skin cell apoptosis between DOTAP/Chol, DMRIE and saline-treated animals. Rat receiving the DOTAP/Chol liposome construct demonstrated the highest proliferation rate of basal skin cells. Hence, cellular net balance determined by proliferation divided by apoptosis was significantly increased in rats treated with the DOTAP/Chol liposomal construct. There was no significant difference between DOTAP/Chol and DMRIE. *Significant difference between DOTAP/Chol versus saline o0.05. Figure 3 PDGF skin protein concentration was significantly increased in rats receiving the DOTAP/Chol or the DMRIE liposomes when compared to saline. IGF-I protein concentration in the skin determined by immunohistochemistry showed that animals receiving the DOTAP/Chol liposomes had significantly increased IGF-I protein concentrations when compared with DMRIE and saline controls. There was no significant difference between DMRIE and saline control. IGFBP-3 protein concentration was significantly increased in rats receiving the DOTAP/Chol liposome when compared to saline control rats. There was no significant difference between DMRIE and saline control. VEGF expression was increased in the DOTAP/Chol liposome group compared to saline controls. There was no significant difference between DMRIE and saline control. *Significant difference between DOTAP/Chol versus saline, Po0.05. Growth factors have been shown to influence epidermal and dermal regeneration. 8, 9 However, the clinical use of recombinant growth factors has not been as beneficial as hoped. This is not really surprising given the complexity and variability of the interactions between cells, soluble cytokines, blood elements and extracellular matrix. Further, clinicians did not take into account the question of which delivery system could be effectively used for growth factors. In chronic wounds, growth factors are decreased due to proteases. 22 More important is the fact that the receptors for the growth factors are also decreased. Thus, to apply recombinant human growth factors as proteins cannot be effective, because there are no receptors that the growth factors can bind to initiate the signal cascade. New therapeutic strategies are needed to improve the efficacy of growth factor application and consecutive epidermal and dermal regeneration, one of which being the use of liposomal cDNA gene complexes.
Nonviral liposomal cDNA gene transfer represents an innovative therapeutic approach for several pathophysiologic states and tissue repair and regeneration. [2] [3] [4] Cationic lipids and liposomes are easy to prepare, to use, to apply and sterilize. 2 Liposomes are stable and do not cause immunologic reactions. 2 Others and we have shown that liposomal gene transfer is useful for wound repair. 6, 7, 13, 18 Liposomes can be applied by either topical administration or by direct injection of liposomal gene constructs. 4 Alexander et al 4 demonstrated that topical application of liposomal constructs containing the Lac Zgene in shaved 4-week-old mice resulted in a transfection and expression in the epidermis, dermis and hair follicle. Topical administration of liposomal complexes, however, has been speculated not to be as effective as injection in cell transfection and expression. 3 This is due to the stratum corneum, which is the protective layer of the epidermis. Thus, injecting the liposomal gene complexes improves transfection of dermal and epidermal cells. After normal skin transfection, expression is predominantly in keratinocytes with lower levels of expression in dermal cells.
The present study investigated whether the biological and chemical structure of a liposome affects cellular and biological responses in an acute wound. We found that in fact different liposomal constructs affect dermal and epidermal regeneration differently. In previous studies, we found that DMRIE, a cholesterol-containing liposome, enhances dermal and epidermal regeneration in a burn wound. The suggested mechanisms were that liposomes protect damaged cell membranes, or may be due to an enhancement in the uptake of extracellular nutrients and the in situ encapsulation and protection of endogenous growth factors and cytokines elaborated locally as part of the hypermetabolic response. There may also be direct beneficial effects of the liposomal lipid moieties on damaged cell membranes at the burn site. We found now that DMRIE liposomes increased skin cell proliferation, the cellular ratio towards survival, neovascularization and PDGF concentration. These physiologic events lead to an accelerated re-epithelization and wound closure. The current study thus confirms previous findings and explains the positive effects observed with DMRIE in thermal wounds.
In the present study, we found that DOTAP/Chol also affects wound repair. DOTAP/Chol accelerated re-epithelization and wound closure. One of the underlying physiologic mechanisms is that DOTAP/Chol increases VEGF concentration and neovascularization in the wound bed and granulation tissue. Vascular supply of the wound is essential for wound healing and reliant on neovascularization. During wound healing, angiogenic capillary sprouts invade the fibrin/ fibronectin-rich wound, and within a few days organize into a microvascular network in the granulation tissue. 23 Neovascularization depends on a dynamic interaction between endothelial cells, cytokines and the extracellular matrix. 24 VEGF stimulates and increases neovascularization. 24 Chronic wounds have decreased concentrations of VEGF and fewer blood vessels in the granulation tissue when compared with normal healing wounds, which is probably due to increased proteolysis of VEGF. 25 However, increased VEGF and neovascularization appears to have beneficial effects on wound repair. DOTAP/Chol increased neovascularization in the granulation tissue, which is probably due to increased VEGF expression. In addition, DOTAP/Chol liposomes improved cell survival, thus leading to accelerated re-epithelization and cell mitosis. This could be due to increased expression of cellular growth factors. DOTAP/ Chol increased the concentration of several epithelial and mesenchymal growth factors. We found an increased concentration of PDGF, IGF-I and KGF. All these factors have been shown to be beneficial to accelerate and enhance dermal and epidermal regeneration, which we also found in the present study. Increased growth factor concentration was associated with accelerated re-epithelization and wound closure. In addition, the dermal structure was significantly improved. It has to be mentioned that we only evaluated growth factor expression and collagen deposition by immunohistochemical staining, a method that is at high risk for subjectivity. We attempted to eliminate subjectivity in this study by performing strictly blinded evaluation of the stained samples.
It is not clear whether the observed increased growth factor concentration is due to accelerated wound repair and an attenuated hypermetabolism, or growth factors are stimulated directly by the liposomal complexes through cellular signaling mechanisms. In addition, DOTAP/Chol affects and transfects endothelial cells; hence, the effects could also be due to modulation of proinflammation. However, we have no data to support this hypothesis. Wounds have been shown to induce hypermetabolism and catabolism by releasing proinflammatory mediators, which in turn is associated with increased mortality and morbidity. 26 Accelerated wound healing results in better outcome and survival of burned patients. Based on our data, we hypothesize that not only a burn patient would benefit from an accelerated wound healing, but also other hypermetabolic pathophysiologic states would benefit from better and faster tissue regeneration.
The skin is a good model to study the mechanisms mediating liposomal gene transfer because of its accessibility and the ease of monitoring the modified area, and it is likely that the mechanisms are found in other organs and modes of application as well. 3, 4, 27 In the present study, we showed that different liposomes have different effects on intracellular and biological responses based on its chemical and molecular structure. We found that Skin regeneration, morphology, growth factor expression MG Jeschke et al DOTAP/Chol, a vector with endothelial affinity, has dominant effects on the neoangiogenesis and circulating system. DMRIE improves wound repair by increasing growth factors and cell survival in an acute wound. These data indicate that the biochemical and physical structure of liposome influences its effect on dermal and epidermal regeneration. Given the importance of blood supply in acute and chronic wounds, further investigation of DOTAP/Chol as a liposomal vector for wound healing is warranted.
Materials and methods
In all, 30 adult male Sprague-Dawley rats (350-375 g) were placed in wire-bottom cages housed in a temperature-controlled room with a 12-h light-dark cycle. Rats were acclimatized to their environment for 7 days before the blinded study. All animals received equal amounts of rat chow and water ad libitum throughout the study. Each rat received a 4 cm Â 2.5 cm full excision wound under general anesthesia (Pentobarbital 50 mg/kg body weight) and analgesia (Buprenorphin 1 mg/kg body weight). Rats were then randomly divided into one of the three groups:
1. DOTAP/Chol liposome (0.2 ml 3 at two injection sites) plus wound coverage with a hydrocolloid dressing, n ¼ 10, or 2. DMRIE liposome (0.2 ml 3 at two injection sites) plus wound coverage with a hydrocolloid dressing, n ¼ 10, or 3. saline plus wound coverage with a hydrocolloid dressing, n ¼ 10.
The liposomes were formulated from 1:1 (M/M) DMRIE and cholesterol suspended in membrane-filtered water (Life Technologies, Rockville, MD, USA). The other liposomes used were DOTAP:Chol (50:50 mol%) (MBT, Munic, Germany, Figure 4) . Immediately after the full excision, each rat received 0.2 ml of the lipoplexes subcutaneously injected at two sites opposite from each other. This was repeated each week. Mixtures were prepared fresh before injections. After the injection of the liposomes or saline, wounds were covered with a hydrocolloid dressing and fixed using an adherent bandage.
Wounds were traced at 0, 6, 13 and 17 days post wounding. Animals were humanely killed by an overdose of anesthesia 17 days after wounding. Skin samples from the back were harvested, fixated in 4% paraformaldehyde, 1% glutaraldehyde, or snap-frozen in liquid nitrogen and stored at À731C for analysis.
Re-epithelization
Re-epithelization was determined by planimetry and by histological examinations. Planimetry was performed on days 0, 6, 13 and 17 after wounding. The areas of these tracings were calculated by computerized planimetry (Sigma Scan and Sigma Plot software, San Rafael, CA, USA). The area of re-epithelization was calculated by the following formula. Values are expressed as percent re-epithelization from the original burn wound: Epithelization ¼ oÀi b Â100, where o is the outer area; i the inner area; b the original area at the time of wounding. Wound closure was determined by dividing the progressing wound healing by the original wound.
In a preliminary study, we evaluated the validity of planimetry in a burn wound and a full excision wound. We found that both wound-healing processes are similar and can be measured by planimetry. Hence, by using this method, re-epithelization can be determined without underlying contraction.
Epithelial cell layer
HE-stained skin samples 28 were examined to determine the highest neoepidermis. Epithelial cell layers from the basal membrane to the surface were counted by three observers blinded to treatment. Epithelial cell layer was calculated by forming the average of the three measurements.
Skin cell proliferation and apoptosis
The balance between proliferation and apoptosis is an important indicator for organ homoeostasis, in this case the skin. Skin cell proliferation was determined using antibodies against K i 67. K i 67 stains cells that underwent mitosis over the last 24 h. Paraffin sections, 3-5 mm thick, were mounted on 'Superfrost Plus' slides and stained as published previously. All skin cells in the pannus and along the basal layer were counted. Proliferation was then determined by positive stained skin cells per 100 counted skin cells. Three observers blinded to the treatment groups were recruited to count the cells.
Apoptosis was measured using the terminal deoxyuridine nick end labeling (TUNEL) immunohistochemical method (Apoptag, Oncogene, Baltimore, MD, USA) in order to allow histologic identification of apoptotic cells in the skin following the protocol as previously published. Two sections (4 mm) of each block of tissue were obtained at 40-50-mm intervals. In each section, three observers blinded to treatment counted TUNEL-positive cells. Apoptotic cells were identified as those with a brown staining of the nucleus, or as apoptotic bodies, which are fragments of apoptotic cells engulfed by neighboring epithelial cells. All epithelial cells within the skin were counted and apoptosis was expressed as a percentage of apoptotic cells per 100 epithelial cells. Values for all sections were averaged to calculate apoptosis for the apoptotic rate in the skin.
Cellular net balance, which determines the net cell turnover, was calculated by the division of skin cell proliferation by skin cell apoptosis.
Collagen morphology and deposition
Quality and quantity of collagen were determined by the Masson Goldner Trichrome staining. Qualitative measurements of the wound collagen were performed by Skin regeneration, morphology, growth factor expression MG Jeschke et al examining the pannus for collagen boundless and the staining intensity of collagen in the area at the wound edge. The collagen morphology and staining intensity were determined by three observers blinded to the treatment. A score from 1 to 4 was given to each samples, whereby 1 ¼ collagen boundless are linear and 4 ¼ collagen boundless appear to have normal histological structures ('angel curl shape'). Similarly, a score from 1 to 4 was given for staining intensity for the collagen pannus, 1 ¼ weak blue-green staining, few collagen concentration, 4 ¼ strong blue-green staining, high density of collagen in the pannus. The length of the collagen pannus being deposited in the dermal wound structures was determined by measuring the distance from the normal, uninjured skin till the end of the collagen pannus in the granulation tissue. Measurements were repeated twice by observers blinded to the treatment. Length was calculated by forming the average of the two measurements. Depth of the collagen pannus was determined in the same fashion. The area of the collagen pannus was calculated by multiplying the length times the depth of the pannus. Protein concentration in the dermis and epidermis was determined by immunohistochemical methods. Paraffinembedded samples were cut 4 mm in thickness, placed in increasing alcohol concentrations and finally in PBS. Protease K (100 mg/ml) was applied at 371C for 30 min. After washing with PBS, endogen peroxidases were blocked using methanol-H 2 O 2 for 15 min. The samples were then washed again. Samples were incubated with pig serum (1:5, DAKO X901) for 20 min. After washing the primary antibody, rabbit anti-IGF-I (1:10, Peprotech, TEBU Germany) was applied to the samples and then incubated at 41C twice overnight. After another washing, the secondary antibody DAKO E 431 (biotinylated swine anti-rabbit, 1:300) was incubated for 1 h at 371C, followed by another washing. The samples were then incubated with Streptavidin (1:300; DAKO P 0397) for 1 h at 371C. The samples were thoroughly washed and diaminobenzidine-hydrogen peroxidase was applied for colour development. The counterstaining was performed using hematoxylin. After placing the samples in increasing alcohol concentrations, they were mounted. IGF-I concentration was determined by the number of positive cells per HPF and per mm IGFBP-3 concentrations were determined using antibodies against IGFBP-3 with standard immunohistochemical techniques as described in the paragraph above. The antibody used was a goat anti-IGFBP-3 (Santa Cruz Biotechnology, 1:10). For KGF, the primary antibody was goat anti-KGF (Santa Cruz Biotechnology), and was applied to the samples and then incubated at 41C overnight. The secondary antibody, DAKO E 0466 (biotinylated rabbit anti-goat, 1:400), was incubated for 1 h at 371C, followed by another washing. VEGF protein concentrations in the skin were measured by antibodies against VEGF rabbit anti-VEGF (PC 315, Oncogene Research Products, 1:50) was applied to the samples and then incubated at 41C overnight. After another washing, the secondary antibody (DAKO E0431 biotinylated anti-rabbit, 1:300) was incubated for 1 h at 371C, followed by another washing. Positive controls used the blood vessels of the small bowel. PDGF was determined similarly using the first anti-body rabbit, anti-PDGF (Oncogene Research Products, 1:50), which was applied to the samples and then incubated at 41C overnight. After another washing, the secondary antibody (DAKO E0431 biotinylated anti-rabbit, 1:300) was incubated for 1 h at 371C, followed by another washing.
Ethics and statistics
These studies were reviewed and approved by the Animal Care and Use Committee of the Regierung der Oberpfalz, Bayern, Germany, assuring that all animals received humane care according to the criteria outlined in the 'Guide for the Care and Use of Laboratory Animals' published by the National Institutes of Health.
Statistical comparisons were made by analysis of variance (ANOVA) and Student's t-test with the Bonferroni's correction or Student-Newman-Keuls test where appropriate. Data are expressed as means7standard error of the mean (SEM). Significance was accepted at Po0.05.
